Cleavage of mutant huntingtin (HTT) is an essential process in Huntington's disease (HD), an inherited neurodegenerative disorder. Cleavage generates N-ter fragments that contain the polyQ stretch and whose nuclear toxicity is well established. However, the functional defects induced by cleavage of full-length HTT remain elusive. Moreover, the contribution of non-polyQ C-terminal fragments is unknown. Using time-and site-specific control of full-length HTT proteolysis, we show that specific cleavages are required to disrupt intramolecular interactions within HTT and to cause toxicity in cells and flies. Surprisingly, in addition to the canonical pathogenic N-ter fragments, the C-ter fragments generated, that do not contain the polyQ stretch, induced toxicity via dilation of the endoplasmic reticulum (ER) and increased ER stress. C-ter HTT bound to dynamin 1 and subsequently impaired its activity at ER membranes. Our findings support a role for HTT on dynamin 1 function and ER homoeostasis. Proteolysis-induced alteration of this function may be relevant to disease.
Introduction
Huntington's disease (HD) is a devastating autosomal dominant inherited neurodegenerative disorder characterised by personality changes, cognitive deterioration, involuntary choreiform movements and hypokinesia. HD neuropathology involves the preferential loss of neurons from the striatum and the cortex. There is currently no effective treatment to delay or prevent disease progression. HD is caused by an abnormal polyglutamine (polyQ) expansion at the extreme N-terminus (N-ter, amino acid 18) of the protein huntingtin (HTT), a large protein of 3,144 amino acids (aas). Although the mechanisms that lead to HD are not fully understood, a series of events that ultimately lead to the death of neurons in the brain have been described (Cattaneo et al, 2005; Borrell-Pages et al, 2006; Imarisio et al, 2008) .
A crucial step in HD pathogenesis is the cleavage of full-length HTT releasing smaller N-ter fragments that contain the polyQ stretch and that are toxic to neurons. Such polyQ-containing fragments have been consistently observed in human HD brains and HD mouse models (Kim et al, 2001; Mende-Mueller et al, 2001; Wellington et al, 2002; Wang et al, 2008; Landles et al, 2010) . Several proteases, including caspases, calpains, cathepsins and metalloproteinases, that cleave HTT have been reported (Goldberg et al, 1996; Kim et al, 2001 Kim et al, , 2006 Lunkes et al, 2002; Hermel et al, 2004; Ratovitski et al, 2009; Miller et al, 2010; Tebbenkamp et al, 2012) , and inhibition of HTT cleavage reduces toxicity both in vitro and in vivo (Wellington et al, 2000; Gafni et al, 2004; Graham et al, 2006; Miller et al, 2010) . PolyQ N-ter fragments can reproduce several aspects of the disease. For example, a fragment corresponding to Exon1, containing the polyQ stretch, is sufficient to induce a neurological phenotype in mouse (Mangiarini et al, 1996) . Consequently, such N-ter fragments have been extensively used to study HD. Toxicity expressed by N-ter fragments requires their nuclear translocation (Saudou et al, 1998) ; this causes transcriptional dysregulation detrimental to neuronal survival (Sugars & Rubinsztein, 2003; Landles & Bates, 2004) . Mutant HD fragments also induce neuronal dysfunctions, including defects in signal transduction, autophagy and both calcium and mitochondrial homoeostasis (for reviews, see Borrell-Pages et al, 2006; Imarisio et al, 2008; Li & Li, 2010) . Together, these studies have established that N-ter fragment(s) containing the polyQ stretch are the crucial factors responsible for HD pathogenesis.
However, the cascade of proteolytic events leading to the generation of these toxic fragments is unclear. Also, the precise consequences of full-length HTT proteolysis at the molecular and cellular levels are unknown. This could be partly due to the complexity to monitor HTT proteolysis. Also, the reasons why some N-ter fragments are more toxic than others are obscure. One consensus theory is that these mutant fragments are more toxic the shorter they are (Hackam et al, 1998; Landles et al, 2010) , but this does not explain why some proteolytic cleavages are more toxic than others, independently of any major difference in the sizes of the resulting fragments (Graham et al, 2006) . Also, HTT is cleaved by numerous proteases, some of which have not yet been identified (Lunkes et al, 2002; Gafni et al, 2012) . Finally, activating a specific protease will induce the cleavage of many substrates besides HTT itself. This makes it difficult to determine the consequences of individual cleavages. Although N-ter fragments recapitulate features of HD in cells and in vivo, such models only incompletely reproduce what is observed in patients with HD. Indeed, in human HD, the full-length protein is present from early stages; consequently, any HTT cleavage generating short N-ter fragments (amino acid positions ranging from 1-105 to 1-586) will also generate corresponding C-ter fragments. Such C-ter fragments are observed in post-mortem HD brain samples (Mende-Mueller et al, 2001; Landles et al, 2010) , but their contribution, if any, to the pathogenic process has not been studied.
Here, we report the development of a time-and site-specific controlled system for HTT proteolysis in vitro and in vivo. We used this system to investigate the consequences of proteolysis of fulllength mutant HTT and the generation of both N-ter and C-ter fragments on neuronal survival in vitro and in vivo. We report that cleavage of HTT releases a C-terminal HTT that impairs dynamin 1 activity leading to endoplasmic reticulum stress and cell death.
Results

Time-and site-specific control of huntingtin proteolysis
Studies focusing on HTT cleavage and toxicity have used either protease inhibitors mutated the sites to become non-cleavable ones or expressed truncated fragments containing the polyQ stretch. To recapitulate the cleavage of full-length HTT occurring in cells, we took advantage of the ability of the tobacco etch virus (TEV) protease to specifically cleave engineered proteins that contain a seven amino acid sequence that is not present in the mammalian proteome but is recognised by the TEV protease. As a proof of concept for HTT-specific proteolysis, we generated full-length HTT constructs in which the putative caspase-6 site (position 586), caspase-3 site (513) and Cp2 site (167) are replaced by a TEV recognition cleavage site (TEVrcs) (Fig 1A) as cleavage at these sites has been implicated in HD pathogenesis (Wellington et al, 2000; Graham et al, 2006; Ratovitski et al, 2011) . We validated our system by expressing the various HTT-TEV constructs in HEK293T cells and incubating protein extracts with an excess of recombinant TEV protease. Whereas TEV protease was unable to cleave polyQ FL-HTT constructs that did not contain the TEVrcs (referred to as "no TEV"), it efficiently cleaved all of polyQ FL-HTT586TEV, FL-HTT513TEV, FL-HTT167TEV (Fig EV1A) . HTT proteolysis in patient brains is the result of a combination of various cleavage events, so we also generated constructs containing two TEVrcs (Fig 1A) . Incubation of these constructs with recombinant TEV generated proteolytic fragments of the expected sizes including intermediate fragments that are those which are cleaved at only one site ( Fig EV1A) . We next assessed whether inserting the TEV sequences in HTT influenced protein toxicity and function. First, we found that the presence of the TEV sequence (without proteolysis induction) at positions 586, or 167 and 586 had no major effect on the toxicity of the polyQ FL-HTT constructs (Fig EV1B) . We next focused on HTT function in Golgi maintenance as this function is (i) well described (Caviston et al, 2007; Pardo et al, 2010) and (ii) depends on HTT interaction with dynein/dynactin complex in the N-terminal region of HTT (regions 171-230 and 536-698 that are close to or contain the TEV sites). We therefore silenced endogenous HTT in HeLa cells and tested whether re-expressing siRNAinsensitive HTT constructs containing two TEV sites were able to reassemble Golgi ribbons. The wild-type HTT containing two TEV sites reformed intact Golgi apparatus after nocodazole wash out to the same extent as the FL-HTTQ23 without TEV sites. And similarly to the polyQ-HTT inability to reassemble the Golgi apparatus (Pardo et al, 2010) , the polyQ-HTT containing two TEV sites was unable to do so. We conclude that HTT with two TEV sites remains functional on its dynein/dynactin scaffolding function (Fig EV1C) .
We next analysed the proteolysis of these HTT constructs in cells using the inducible SNIPer-TEV system. This system involves two vectors encoding the N and C parts of the TEV fused to FRB and FKBP fragments, respectively. Addition of 10 or 20 nM of rapamycin induces a rapid heterodimerisation of the fragments and thereby expression of the TEV protease activity (Gray et al, 2010) . We treated HEK293T cells expressing the HTT-TEV and the SNIPer-TEV constructs with 20 nM rapamycin and analysed proteolysis at 24 h. Rapamycin at this concentration had no effect on proteolysis of endogenous HTT or on its toxicity. Whereas 80-95% of FL-HTT constructs were cleaved at positions 513 or 586 (Fig 1B) , proteolysis at position 167 did not occur efficiently unless if HTT was also cleaved at positions 513 or 586, suggesting that the proteolytic cleavage sites in HTT are not all equally accessible.
We next compared the proteolysis of WT versus polyQ-HTT at position 167 in the striatal STHdh cell line referred after as striatal cells (Trettel et al, 2000) . We confirmed that for both WT and polyQ constructs, cleavage at position 586 enhanced cleavage at position 167 (Fig 1C) . Also, the presence of a polyQ stretch in HTT slightly favoured the production by proteolysis of the N167 fragment, suggesting that polyQ expansion may render the 167 site more accessible. Our findings validate the use of the TEV approach to study intrinsic proteolytic properties of HTT. It also suggests that HTT is subject to a proteolytic cascade that may be more efficient when HTT contains a pathogenic expanded polyQ stretch.
Sequential proteolysis accelerates huntingtin toxicity
We used the striatal cells to analyse the toxicity associated with HTT proteolysis at particular positions. We transfected the cells with the various HTT-TEV constructs and the two SNIPer-TEV plasmids or an empty pcDNA vector as a control; 20 h later, 10 nM of pcDNA SNIPer
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Marie-Thérèse El-Daher et al non-polyQ fragments and Huntington's disease The EMBO Journal rapamycin was added to transfected cells, identified by the presence of the mCherry tag on HTT constructs. The fate of individual cells containing HTT was then followed for 24 h by robotic automated videomicroscopy. Expression of the SNIPer-TEV or rapamycin treatment had no significant effect on non-cleavable HTT constructs (Fig EV1D) . We next analysed the toxicity of the various constructs upon cleavage (Fig 1D) . The FL-HTT167TEV-Q100 construct displayed no obvious toxicity ( Figs 1D and EV1D) ; this is consistent with the poor efficiency of cleavage at position 167 by TEV. Surprisingly, cleavage of the constructs with TEVrcs at positions 513 and 586 had no evident effect on cell survival (Figs 1D and EV1D) although proteolysis of these HTT constructs was very efficient (Fig 1B and C) . In contrast, double cleavage at sites 586/167 or 513/ 167 led to a significant increase in polyQ-HTT-induced toxicity compared to each site alone (Figs 1D and EV1D and Movie EV1) . These results suggest that cleavage at 513 or 586 sites has no immediate consequences on polyQ-mediated toxicity. Rather, the sequential proteolysis promotes mutant HTT-induced toxicity.
Huntingtin intramolecular interaction is lost upon specific proteolysis N-terminal regions of HTT interact with more C-terminal regions (Palidwor et al, 2009) . Since cleavage at 513 and 586 gave similar results, we focused on 586 site and tested whether N586 fragment and the C-HTT587-3144 fragment interacted. Using brain extracts from heterozygous Hdh Q7/Q111 mice treated in vitro with recombinant caspase-6, we found that the C-HTT587-3144 fragment interacted with the N586 fragment and that this interaction was not affected by the polyQ expansion (Fig 2A) . We next expressed simple or double FL-HTT-TEV constructs with the SNIPer-TEV system in HEK293T cells and treated cells for 24 h with 20 nM rapamycin to induce HTT proteolysis. C-ter fragments produced by cleavage at position 586 co-immunoprecipitated the corresponding wild-type and polyQ N586 fragments. However, there was no interaction between the C-HTT587-3144 fragments and the N167 fragments (Figs 2B and EV2A) . We conclude that polyQ N586 fragments interact with their corresponding C-ter fragments, but that further proteolysis of the N-ter fragment abolishes the interaction. To further investigate the physiological relevance of increased proteolysis and loss of HTT intramolecular interaction, we analysed the presence of N-ter and C-ter fragments in post-mortem striatal brain samples from patients with HD and control individuals (Fig 2C) . In control samples, we detected full-length HTT as well as C-ter and N-ter fragments of approximate sizes of 250 and 70 kDa, respectively. These fragments may correspond to HTT proteolysis in the 500-to 600-amino acid region of HTT, and they have been previously reported in control samples (Kim et al, 2001; Mende-Mueller et al, 2001; Lunkes et al, 2002; Wellington et al, 2002; Hermel et al, 2004; Landles et al, 2010) . Interestingly, the 250 and 70 kDa fragments may correspond to the C-HTT587-3144 and N586-HTT fragments generated after single TEV proteolysis (Figs 2A and B and EV2A) . In HD post-mortem striatal brain samples, we found a lower level of full-length HTT compared to control individuals. We also detected the C-ter fragment of 250 kDa as well as large amounts of N-ter fragments that are smaller than the 70 kDa fragment observed in control samples. This increased level of very small N-ter fragments recognised only by the 2B4 antibody and the loss of the 70 kDa N-ter fragment suggest an increased proteolysis of the 70 kDa fragment. However, we cannot exclude that part of these fragments might be generated by repeat lengthdependent alternative splicing (Sathasivam et al, 2013 ). Because we observed in cells that the C-HTT587-3144 fragment interacted with the N586 but not shorter ones, we investigated whether increased proteolysis in HD samples leads to loss of intramolecular interaction and perform immunoprecipitation experiments of brain samples using anti C-ter HTT antibody (D7F7) (Fig 2C, right panel) . Whereas the C-ter antibody co-immunoprecipitated the large 70 kDa N-ter fragment in striatal brain samples from control individuals, no shorter fragments were detected in the striatal brain samples from HD individuals. We conclude that in HD situation, the C-ter fragment, although less abundant than in control situation, is potentially free from its intramolecular interaction with N-ter fragments ( Fig 2D) .
Both N-and C-terminal huntingtin fragments induce toxicity that depends on the size of N-terminal fragments To further study the relation between intramolecular interaction and toxicity, we generated constructs that mimic the different fragments generated after HTT cleavage at 586 and expressed them in HeLa or striatal cells (Fig EV2B and C) . As shown by immunoprecipitation, the N586 fragment but not the short N167 one interacts with the C-HTT587-3144 fragment ( Fig EV2B) . As expected (Hackam et al, 1998) , N167-HTTQ100 is more toxic than N586-HTTQ100 ( Fig 2E) . Interestingly, co-expression of C-HTT587-3144 construct potentiated the toxicity induced by the N167-HTTQ100 fragment but had no effect on that of the N586-HTTQ100 fragment (Figs 2E and EV2C). A Protein lysates from Hdh Q7/Q111 mouse brains were cleaved with recombinant caspase-6, and generated N-ter and C-ter fragments were subjected to Data information: The bar graphs (mean AE SEM) display pooled data from 3 independent experiments in triplicates (E). For (F), the total numbers of cells and number of independent experiments are as follows: FL-HTT-Q23 + pcDNA: 97 + SNIPer: 120 (n = 2), FL-HTT167/586TEV-Q23 + pcDNA: 200 + SNIPer: 199 (n = 4). Statistics were done by one-way ANOVA with Bonferroni's multiple comparison tests (E) and Kaplan-Meier, log-rank test (F). ns: non-significant, **P < 0.01, ***P < 0.001. See also Fig EV2 . Marie-Thérèse El-Daher et al non-polyQ fragments and Huntington's disease The EMBO Journal
We also measured the toxicity of the C-HTT587-3144 fragment alone in striatal cells. Surprisingly, it was highly toxic and even more toxic than the N167-HTTQ100 fragment ( Fig 2E) . As such fragments are also generated upon wild-type FL-HTT cleavage, inducing artificially the cleavage of wild-type FL-HTT should also lead to toxicity. Indeed, whereas TEV activation had no effect on FL-HTT-Q23, it significantly increased toxicity of WT-FL-HTT with TEV sites at positions 167 and 586 (Fig 2F) . Since the C-ter fragment when expressed alone induced some toxicity, we tested the possibility that this could occur through a dominant-negative effect on full-length endogenous HTT that is present in cells. We therefore expressed FL-HTT167/ 586TEV-Q23 and FL-HTT167/586TEV-Q100 constructs in cells silenced or not for endogenous HTT and induced cleavage by SNIPer-TEV activation (Fig EV2D) . We found no difference in the toxicity upon HTT double proteolysis whether endogenous HTT was present or downregulated. We conclude that in addition to mutant N-ter fragments, C-ter fragments generated from either wild-type or mutant HTT cleavage are toxic. The interaction of N-ter and C-ter fragments prevents them from being toxic.
C-terminal huntingtin fragment causes endoplasmic reticulumderived vacuolation, stress and toxicity
To study the consequences of the loss of N-C interactions as N-ter fragments become shorter (as this is the case in post-mortem HD samples), we determined the localisation of C-HTT587-3144 with N586-HTTQ100 or N167-HTTQ100 in striatal cells. In agreement with biochemical findings (Fig 2) , C-HTT587-3144 (GFP) co-localised with N586-HTTQ100 (mCherry) but less with N167-HTTQ100 ( Fig 3A) . As the interaction between the C-HTT587-3144 fragment and the short N-terminal fragments weakened, the proportion of the N-ter fragments in the nucleus increased; the C-ter fragment remained in the cytoplasm in all cases (Fig 3A) . These findings are in agreement with previous reports showing an inverse correlation between nuclear localisation and the size of the N-ter fragments (Hackam et al, 1998; Saudou et al, 1998) . When analysing cells at longer time points (24 h), large cytoplasmic vacuoles developed in cells producing both the C-HTT587-3144 fragment and the short non-interacting fragments (N167-HTTQ100) or producing the C-ter fragment alone (Fig 3B) . These vacuoles were less frequent in cells producing the C-HTT587-3144 fragment and the N586-HTTQ100 fragment. No such vacuolar phenotype was observed in cells producing one of the polyQ N-ter HTT fragments alone (Fig 3B) . Vacuoles formed around 36 h post-transfection and death occurred rapidly after the vacuoles started to emerge (11 h AE 0.8; n = 26 cells) (Movie EV2), suggesting a fast and dynamic process consistent with the kinetics of death observed following HTTinduced proteolysis (Fig 1) . We investigated the nature of the C-HTT587-3144 fragmentinduced vacuoles. They were immuno-negative for GM130, CTR 433, TGN38, Rab5 and EEA1 (Fig EV3A) and are therefore unlikely to be derived from the Golgi apparatus, the trans-Golgi network or early endosomes. In addition, the vacuoles did not localise with LC3-GFP and LAMP2, suggesting they are not linked to autophagosomes or lysosomes (Fig EV3A) . However, the C-terminal HTTinduced vacuoles were stained by antibodies for calnexin and ATF6, both chaperone proteins found in the endoplasmic reticulum (ER) membranes (Fig 3C) . To confirm the role of the C-ter fragment in the formation of these ER-derived vacuoles, we SNIPer-TEV-induced proteolysis of the FL-HTT167/586TEV-Q100 and Q23 constructs. As in cells expressing the C-HTT587-3144 construct, double proteolysis of both WT and mutant HTT was associated with dilation of the ER (in more than half the cells) and the emergence of cytoplasmic vacuoles (Fig 3D) . We also co-expressed the C-HTT587-3144 fragment with a vector encoding GFP fused to the KDEL motif, a luminal marker of the ER: the vacuoles progressively filled with GFP-KDEL (Fig 3E and Movie EV3) . Finally, C-HTT587-3144 fragment increased calnexin and BIP protein levels; it also led to an upregulation of full-length and truncated nuclear ATF6 (Fig 3F) . Our data thus support that the C-HTT587-3144 fragment of HTT causes ER dilation and the formation of cytoplasmic vacuoles.
What is the death pathway elicited by C-ter HTT? Caspase inhibitors did not block cell death and C-ter-expressing cells were TUNEL negative (Fig EV3B-D) . Also, Beclin-1 silencing failed to reduce cellular toxicity (Fig EV3E) . Together, these data suggest that apoptosis and autophagy are unlikely to be directly involved. In contrast, treatment with the ER stress inhibitor salubrinal significantly decreased cell death among C-HTT587-3144-containing cells; it also resulted in an increase in the percentage of cells containing vacuoles (Fig 3G) . Therefore, ER-derived vacuoles in C-HTT587-3144-containing cells induce ER stress and toxicity.
ER stress and vacuolation are observed in Huntington's disease knock-in mice FL-HTT is proteolysed to give C-ter and N-ter fragments in brains of patients with HD and HD knock-in mouse models (Mende-Mueller et al, 2001) (Fig 2A and C) . Therefore, the consequences of the putative C-ter fragment-associated toxicity we describe, such as ER stress activation and dilated ER, should also present in the brains of HD knock-in mice, in which mutant huntingtin is expressed at endogenous levels. We analysed ER stress signalling in the striata from 20-month-old Hdh Q111/Q111 mice: nuclear ATF6 abundance and eif2a phosphorylation were significantly higher in mutant Hdh Q111/Q111
than control wild-type Hdh Q7/Q7 mice ( Fig 4A) . Next, we used electron microscopy to study the striatum of 20-month-old Hdh Q111/Q111
mice. We found a significantly higher number of neurons showing swollen ER tubules in the striatum of Hdh Q111/Q111 mice as compared to Hdh Q7/Q7 mice (Fig 4B) . Such dilation is reminiscent of ER dilation and vacuolation observed in striatal cells expressing the C-HTT587-3144 fragment (Figs 3 and 4B ). These various findings suggest a possible toxic effect of C-ter fragments inducing ER stress and vacuolation in vivo.
HTT proteolysis and the presence of C-ter huntingtin lead to neurodegeneration in flies
We used Drosophila as a model to assess the relevance of our findings in vivo as expression of TEV has been successfully used in flies for proteolysis of proteins in vivo and showed no long-term effects (Harder et al, 2008; Pauli et al, 2008) . Also, full-length transgenic models of HD have been previously reported (Romero et al, 2008) , and HTT functions are conserved between flies and mammals (Godin et al, 2010; Zala et al, 2013) . We generated a The Marie (Fig 5A, left panel) . Crossing these flies with UAS-TEV flies led to selective cleavage of HTT in vivo (Fig 5A, right panel) .
Flies expressing the various FL-HTTQ200 constructs without TEV showed similar deficits in their climbing activity (Fig 5B, left graph) . Upon TEV induction, only double proteolysis of HTT significantly decreased the climbing activity of the flies (Fig 5B, right graph) . : 233. Statistics were done by one-way ANOVA with unpaired t-test (B, P = 0.0068). *P < 0.05, **P < 0.01. The EMBO Journal non-polyQ fragments and Huntington's disease Marie-Thérèse El-Daher et al
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Similarly, and as observed in cells, double HTT proteolysis was significantly more toxic to flies than any other combinations ( Fig 5C) . We investigated whether the C-ter fragment alone was sufficient to alter fly survival in vivo. We failed to generate transgenic flies expressing the C-HTT587-3144 fragment, so we used a shorter C-terminal fragment: C-HTT1722-3144. This fragment interacts with the N586 fragment but not with the N167 fragment and, when expressed in cells, leads to vacuolation and death (Fig EV4A) . N548-HTTQ128 flies showed a decreased survival rate compared to flies expressing wild-type N548-HTTQ0 (Lee et al, 2004) . C-HTT1722-3144 flies had even a shorter lifespan (Fig 5D) as shown in two independent lines (143 & 145). It is unlikely that the toxicity was due to overexpression as the C-HTT1722-3144 
A Expression analysis of FL-HTT-TEV-Q200 in Drosophila.
B
Charts showing motor performance in climbing tests as a function of age. C-E Kaplan-Meier chart depicts survivorship in flies. Expression of the TEV was under an UAS or heat-shock (hs) promoter.
Data information: The graphs (mean AE SEM) display pooled data from two replicates of 30 female virgins for each genotype (B, C), from three independent crosses (D, E). Total number of flies are as follows: N548-HTTQ0: 440, N548-HTTQ128: 478, C-HTT1722-3144 (143): 223, C-HTT1722-3144 (145)=223 (D) and FL-HTT167/ 586TEVQ100: ctr: 144, hs-TEV=119, UAS-TEV: 39; FL-HTT167/586TEVQ23: ctr: 124, hs-TEV: 99, UAS-TEV: 106 (E). Statistics were done by Z-test, P-values comparing the slope of decline in motor performance, **P < 0.00001, *P = 0.006756 (B), or were done by Kaplan-Meier, log-rank significance test (C-E). (C) FL-HTT-Q200 vs FL-HTT167TEV-Q200: ns, FL-HTT-Q200 vs FL-HTT586TEV-Q200: **P < 0.0001, FL-HTT-Q200 vs FL-HTT167/586TEV-Q200: **P < 0.0001, FL-HTT586TEV-Q200 vs FL-HTT167/586TEV-Q200: *P < 0.0069. Marie-Thérèse El-Daher et al non-polyQ fragments and Huntington's disease The EMBO Journal fragment was detected only by immunoprecipitation, whereas the N548-HTT fragments were readily detected directly in whole fly brain extracts (Fig EV4B and C) .
Thus, both N-ter and C-ter products of polyQ FL-HTT proteolysis are toxic in vivo. Finally, we generated transgenic flies expressing the TEV protease constructs and FL-HTT containing two TEV sites and with either 100Q or 23Q with expression driven by Elav-Gal4. TEV expression led to a dramatic reduction in fly survival both for the polyQ-containing ones and for wild-type flies. Similar results were obtained in experiments with TEV expression under the control of the heat-shock promoter, hs-TEV (Pauli et al, 2008) , or of the UAS-TEV (Fig 5E) .
Dynamin 1 interacts with the C-terminal part of huntingtin
To decipher the mechanism by which the C-HTT587-3144 fragment leads to ER vacuolation, we searched for proteins interacting with the C-terminal domain of HTT. However, most reported yeast twohybrid screens have been performed using N-terminal fragments of HTT, and the ones performed with C-terminal fragments as baits did not identify any specific interactors (Faber et al, 1998; Kaltenbach et al, 2007) .
To optimise the strategy for identifying potential C-terminal HTT interactors, we searched the primary sequences of HTT orthologues for highly conserved regions. We found a fragment from position 1230 to position 3144 that shows a substantial similarity between the various species (Fig EV5A and B) and used it as bait for a yeast two-hybrid screen using an adult human brain library. We obtained four interactors with high confidence (Fig 6A) including dynamin 1. Dynamin 1 is involved in membrane fission reactions during several cellular processes (Ferguson & De Camilli, 2012 ) and has been identified as an interactor with the HTT N-terminal region (Kaltenbach et al, 2007) and full-length HTT (Moreira Sousa et al, 2013) . Therefore, dynamin 1 may interact with both the N-ter and C-ter domains of full-length HTT, and proteolysis may affect the interaction between dynamin 1 and HTT. To test this possibility, we SNIPer-TEV-cleaved HTT at position 586 or at both positions 167 and 586 and immunoprecipitated HTT N-ter. FL-HTT and the N586 fragment interacted with dynamin 1, but the N167 fragment produced after the double cleavage did not (Fig 6B) . We also found that FL-HTT, C-HTT587-3144 and N586-HTTQ100, but not the shorter N167-HTTQ100 fragment, interacted with dynamin 1 (Fig 6C) . We conclude that the interaction between HTT and dynamin 1 may be affected by sequential proteolysis of N-ter fragments.
Dynamin 1 and huntingtin localise at ER membranes
Although dynamin 1 has not been described at the ER, dynamin-like proteins, including atlastin/Sey1p and Lnp1p, are enriched at the ER where they mediate its fusion/fission (Hu et al, 2009; Orso et al, 2009; Chen et al, 2013) . Fractionation of both wild-type (STHdhQ7/ Q7)-and mutant (STHdhQ111/Q111)-immortalised striatal cell line samples and of mouse brains revealed the presence of dynamin 1 in the enriched ER membrane fractions (Fig 6D) . ER-enriched fractions did not show the presence of cytosolic proteins such as tubulin, plasma membrane proteins such as annexin V, nor mitochondrial proteins such as the mitochondrial protein hsp70. ER fraction was slightly contaminated with the endosomal marker EEA1 and TGN138. However, it exhibited a large enrichment in the ER membrane protein calnexin (Fig 6D) . We next used direct STochastic Optical Reconstruction Microscopy (dSTORM) to localise endogenous dynamin 1 and calnexin in cells: Alexa 568 was used as the photoswitchable fluorophore and revealed that both proteins had a tubulo-membranous organisation (Fig 6E, top panels) . Co-immunostaining revealed dynamin 1 on ER structures identified by calnexin staining (Fig 6E, lower panels) . Finally, we transfected striatal cells with a construct encoding dynamin 1-GFP and performed immuno-electron microscopy. There were significantly more gold particles at ER membranes in cells transfected with the dynamin 1-GFP construct than those transfected with the GFP vector (Fig 6F) . These various analyses demonstrate that dynamin 1 can be found at ER membranes.
We also analysed the localisation of various HTT fragments. Subcellular fractionation identified FL-HTT and all the various HTT fragments in the ER-enriched fraction and, possibly, accumulation of the C-HTT587-3144 fragment in this fraction (Fig 6G) . This confirms previous reports that full-length HTT localises at the ER (Atwal et al, 2007) and shows that the C-HTT587-3144 fragment resulting from HTT sequential N-terminal proteolysis remains at the ER co-localising with dynamin 1.
Dynamin 1 impairment at the ER mediates the effect of C-ter huntingtin on vacuolation and death
We next investigated whether dynamin 1 influenced C-HTT587-3144 fragment-associated vacuolation and death. The toxicity associated with the presence of the C-HTT587-3144 fragment was significantly reduced by the co-expression of WT-dynamin 1 ( Fig 6H) ; similarly, the percentage of vacuolated cells was significantly reduced. These findings suggest that C-HTT587-3144 ▸ Figure 6 . Dynamin 1 interacts with C-terminal huntingtin and both associate to ER membranes. The EMBO Journal non-polyQ fragments and Huntington's disease Marie-Thérèse El-Daher et al fragment-induced vacuolation and death involve deregulation of dynamin 1 activity. The role of dynamin 1 in endocytosis has been clearly established. We measured transferrin uptake in striatal cells containing the C-HTT587-3144 fragment and found a lower endocytic rate than control values ( Fig EV5C) ; this effect was abolished by the expression of WT-dynamin 1. Oligomerisation of dynamin 1 is required for GTPase activity (Zhang et al, 2012) ; using a crosslinking approach, we found that dynamin 1 oligomerisation was reduced by the presence of the C-HTT587-3144 fragment (Fig EV5D) . To measure dynamin 1 activity selectively at the ER, we quantified the GTPbound form of dynamin 1 at ER membranes purified from HEK293T cells expressing dynamin 1 and various HTT constructs. An anti-GTP immunoprecipitation (Sugiura et al, 2013) revealed that GTPbound dynamin 1 was reduced by 55% (AE 22%) in cells containing the C-HTT587-3144 fragment compared to those containing the FL-HTTQ100 or N586-HTTQ100 fragment (Fig 7A) . These experiments indicate that the C-ter fragment of HTT decreases dynamin 1 activity at both the plasma and ER membranes.
We next tested whether the ER vacuolation associated with HTT proteolysis was due to a defect in the activity of the dynamin 1 localised at the ER. We generated constructs encoding WT or dominant-negative K44A dynamin 1 tagged with an HA sequence at its N-terminus and fused to the transmembrane domain of atlastin 1 at its C-terminus. These fusion proteins, termed ER-DNM1-WT and ER-DNM1-K44A, respectively, were artificially targeted to the ER, as evidenced both by cellular fractionation experiments ( Fig EV5E) and co-localisation with calnexin, KDEL-GFP and ER-dsRed markers in striatal cells (Figs 7B and EV5F and G) . We then co-expressed ER-DNM1 and various HTT constructs in striatal cells. Consistent with the findings for dynamin 1, a significant fraction of FL-HTTQ100, C-HTT587-3144 and N586-HTTQ100 interacted with ER-DNM1, whereas the shorter N167-HTTQ100 fragment did not (Fig EV5H) . These results indicate that both FL-HTT and the proteolytic products generated by cleavage at position 586 interact with dynamin 1 at the ER. However, sequential proteolysis generating small N-ter fragments results in only the C-ter HTT product remaining associated with the ER-localised dynamin 1.
We assessed the consequences of ER-targeted dynamin 1 expression on ER vacuolation and death associated with the C-HTT587-3144 fragment. The percentages of dead cells and vacuolated cells were significantly lower in the presence than absence of ER-DNM1-WT (Fig 7C) . We next co-expressed FL-HTT167/586TEV-Q100 and ER-DNM1-WT constructs in the presence of SNIPer-TEV system and treated the cells with 20 nM rapamycin. The toxicity induced by the double proteolysis of HTT was significantly reduced by the expression of the ER-DNM1-WT construct (Fig 7D) . Thus, re-establishing dynamin 1 activity at the ER membranes was sufficient to prevent the cell death caused by double cleavage of HTT.
These findings suggest that specifically targeting inactive dynamin 1 to the ER should be sufficient to cause vacuolation and death. Indeed, we found that targeting the DNM1-K44A mutant to the ER caused ER dilation and vacuolation in about 11% of the transfected cells (n = 160 cells), whereas no vacuolated cells were observed in cells transfected with the DNM1-K44A mutant not targeted to the ER (n = 125 cells) (Figs 7E and EV5G) . Similarly, ER-targeted inactive dynamin 1, but not its cytoplasmic form, caused significant cell death (Fig 7F) . Also, the inactive ER-DNM1-K44A mutant but not the ER-DNM1-WT constructs were toxic, showing that this effect was specifically due to inactivation of dynamin 1 at ER membranes (Fig 7G) .
Overall, our results indicate that sequential N-terminal proteolysis of HTT generates a C-terminal fragment that inactivates dynamin 1 at plasma and ER membranes. In addition to inhibit endocytosis, HTT C-ter fragment inhibits dynamin 1 at ER membranes that leads to abnormal ER vacuolation and death (Fig 8) .
Discussion
Studies that addressed the consequences of HTT proteolysis have either compared the relative toxicities of the various N-ter polyQ fragments generated by proteolysis (Hackam et al, 1998) or Caspase 3 Caspase 6 Marie-Thérèse El-Daher et al non-polyQ fragments and Huntington's disease The EMBO Journal expressed point mutants for these sites and analysed the consequences of the absence of cleavage on polyQ-HTT-induced toxicity (Wellington et al, 2000; Gafni et al, 2004; Graham et al, 2006; Miller et al, 2010) . Some studies have analysed the consequences of protease activation or inhibition on polyQ-mediated toxicity, although this approach has the disadvantage of inducing/inhibiting the cleavage of many substrates in addition to HTT. Moreover, the exact identity of the proteases that cleave major proteolytic sites on HTT remains to be established (Lunkes et al, 2002; Gafni et al, 2012) . Here, we used mutant HTT variants in which TEV cleavage sites have been introduced at various known proteolytic sites to investigate the molecular and cellular consequences of selective HTT cleavage at the targeted sites in a controlled manner. Such strategy has been successfully used to investigate proteolysis by, and thus the role of, executioner caspases 3 and 7 (Gray et al, 2010) . We show this approach to be particularly useful for the study of proteolysis in HD and possibly other neurodegenerative disorders such as Alzheimer's disease in which specific proteolytic events occur. When assessing various proteolytic sites in HTT, we found that the site at position 167 was not as efficiently cleaved as the sites at positions 586 or 513. These differences may be due to differences in accessibility: positions 586 and 513 are in disordered and exposed regions of the protein, whereas position 167 is located in the first HEAT repeat of HTT which is composed of antiparallel a-helices and therefore may not be accessible to the TEV protease. The presence of a polyQ stretch in HTT favoured the appearance of the N-167 fragment, suggesting that polyQ expansion-in agreement with the polyQ-HTT conformation being different to the wild-type HTT conformation (Trottier et al, 1995) -may render the proteolytic site at position 167 more accessible. Cleavages at positions 586 or 513 also increased the accessibility of the site at position 167, consistent with a proteolytic cascade hypothesis. In addition, this approach allowed us to demonstrate that specific proteolytic events lead to the loss of intramolecular interaction between N-ter and C-ter fragments. Although the TEV strategy provides new approach to study HTT proteolysis and its consequences, further work will be necessary to investigate such cleavages on endogenous HTT. Nevertheless, by examining human post-mortem brain samples, we found that in disease, differential proteolysis of mutant HTT generating small N-ter fragments may release the C-ter HTT fragment from intramolecular interaction.
To our knowledge, few studies have addressed the potential role and/or function of HTT C-ter fragments. One used a Drosophila HTT fragment that is more C-terminal than the fragment (positions 586-3144) used in our study (Takano & Gusella, 2002) . As in our study, the authors found that this fragment was cytoplasmic. Cell death was not assessed, but it was found that this fragment could act as a regulator of the entry of NF-jB/dorsal into the nucleus. A more recent study investigated the potential function of the C-ter part of HTT and discovered that this region has similarity to yeast Atg11 and as such could play a role as a scaffold for selective autophagy. Interestingly, the described C-ter fragments used in this study were reported to be toxic in primary neurons (Ochaba et al, 2014) . Although in this and our study some of the toxic effect of the C-ter fragment might be due to overexpression artefacts, we found that the selective proteolysis of full-length mutant polyQ-HTT dramatically increases its toxicity. Even, we found that when wild-type full-length HTT is proteolysed, this turns the non-toxic wild-type HTT into a highly toxic protein.
This further supports our findings that C-ter fragments when released from full-length HTT might have some toxicity.
Here we showed that C-ter HTT is toxic in the cytoplasmic compartment by inactivating dynamin 1 at ER membranes leading to ER dilation, ER stress and cell death. We also observed that the C-ter fragment decreases endocytosis as shown by the reduction in transferrin uptake in cells expressing this fragment. The function of dynamin 1 is associated with endocytosis, and to our knowledge, no ER abnormalities in mice deleted for dynamin genes have been reported (Ferguson & De Camilli, 2012) . In addition, dynamin inhibition either by dynasore or by the (non-targeted) expression of the dominant-negative dynamin 1 K44A shows no ER-derived phenomena. Nevertheless, using EM, high-resolution detection techniques and biochemical approaches, we reveal that a fraction of dynamin 1 interacts and co-localises with HTT at ER membranes. We also found that selective inactivation of dynamin 1 at the ER promotes ER dilation. Importantly, this functional defect was only observed when dominant-negative dynamin 1 was targeted to the ER or in the presence of the HTT C-ter fragment. Therefore, although we cannot exclude that part of C-ter HTT fragment-induced toxicity could be mediated by the inhibition of endocytosis, the inactivation of dynamin 1 on ER membranes may occur specifically in response to abnormal proteolysis of mutant HTT that is only observed during HD pathogenesis. In support, mutant HTT was shown to disrupt ER morphology leading to the accumulation of clear cytoplasmic vacuoles in striatal immortalised cell lines (Trettel et al, 2000) , in the brain of knock-in mice (Fig 4) , in lymphoblasts from patients with HD (Nagata et al, 2004) and in iPSC from patients with HD (Juopperi et al, 2012) . So it is plausible that a HTT-dynamin 1 complex regulates ER shaping/dynamics and that this complex, if altered in disease, could lead to the formation of cytoplasmic vacuoles. Our findings justify further studies to elucidate the role of this complex at the ER.
Other HTT interactors that bind through the C-ter part of HTT have been identified, but they are unlikely to be linked to the described mechanism since some of them are either co-repressor of transcription or regulate endosomal trafficking (Kegel et al, 2002; Pal et al, 2006) . Recently, bioinformatic and functional analyses revealed that the C-ter fragment shares structural similarity to yeast Atg11. Atg11 is a receptor for the yeast dynamin 1 and promotes the fission of mitochondria and membranes of the ER (Cebollero et al, 2012; Mao et al, 2013) . This further supports the possibility of a role for HTT in the regulation of ER membrane dynamics.
Huntingtin C-ter region may thus have several functions that have been underestimated. As stated previously, yeast two-hybrid screening experiments using HTT C-ter fragments as baits failed to identify any proteins interacting with HTT (Faber et al, 1998; Kaltenbach et al, 2007) . Even by using a large region including HEAT repeats, we only found a small number of proteins interacting with the C-ter of HTT. Coherent with the intramolecular interaction observed (Li et al, 2006; Palidwor et al, 2009 )(this study), HTT may adopt a closed conformation establishing only limited interactions between the C-ter region and other proteins. Nevertheless, our findings and the study by Ochaba and colleagues (Ochaba et al, 2014) provide evidence that the C-ter region of HTT has an important role in regulating HTT function and toxicity in health and disease.
Our study reveals that HTT proteolysis, in addition to generate small N-ter fragments that are toxic in the nucleus, releases The EMBO Journal non-polyQ fragments and Huntington's disease Marie-Thérèse El-Daher et al
non-polyQ C-ter fragments that may also be relevant to HD pathogenesis. Determining the physiological relevance of such fragments in disease may lead to new therapeutic strategies.
Materials and Methods
Mice
Mice are Hdh Q111 HD knock-in mouse model (Wheeler et al, 1999) .
Experimental procedures were performed in accordance with the recommendations of the European Community (86/609/EEC) and the French National Committee (2010/63) for care and use of laboratory animals. See Appendix Supplementary Materials and Methods for further details.
Flies FL-HTT-Q100 transgenic flies were generated by Bestgene, Inc. FL-HTT-Q200 flies were generated through subcloning of FL-HTT constructs into P[acman] and subsequent site-directed insertion using the PhiC31 integrase. Survival, climbing assay and brain structure analyses were performed on various HTT constructs expressing flies. Fly strains, crosses and analyses are described in Appendix Supplementary Materials and Methods.
Constructs
The FL-HTT-TEV constructs encode the human HTT protein containing a TEV recognition cleavage sites (TEVrcs) at specific positions. Amino acids corresponding to the endogenous cleavage sites of caspase-6 (D586), caspase-3 (D510SVDL514) and cathepsin Z/bleomycin hydrolase (R167) were replaced by the recognition cleavage site (rcs) of the TEV protease: ENLYFQS. ER-DNM1-WT and ER-DNM1-K44A constructs encode for dynamin 1-WT (DNM1-WT) or mutant K44A (DNM1-K44A), respectively, targeted to endoplasmic reticulum membranes by fusion to the endoplasmic reticulum transmembrane domain of atlastin 1. Further details on the generation of constructs are provided in Appendix Supplementary Materials and Methods.
Proteolysis of huntingtin-TEV constructs
For in vitro cleavage of HTT by recombinant TEV protease, cells were transfected with the FL-HTT-TEV and extracts were incubated with recombinant TEV protease. For intracellular HTT cleavage, cells were co-transfected with the FL-HTT-TEV constructs and the SNIPer-TEV plasmids or pcDNA for control conditions and treated with rapamycin.
Videomicroscopy, immunoelectron and superresolution microscopies
For videomicroscopy, striatal cells were electroporated with fluorescent-tagged constructs and subsequently analysed by time-lapse multi-position videomicroscopy following individual transfected cells up to 24 h. Dynamics of individual cells were analysed to establish the kinetics of vacuolation and death upon various conditions and specific markers. For electron and light microscopy, cells or tissues were fixed and subjected to Epon embedding prior to sectioning. For immunoelectron microscopy, cells were fixed and stained with immunogold particles and uranyl acetate. For super-resolution microscopy, we used direct STochastic Optical Reconstruction Microscopy (dSTORM) on cells to analyse the localisation of dynamin 1 with the ER marker calnexin. Further details are provided in Appendix Supplementary Materials and Methods.
Endoplasmic reticulum isolation and dynamin 1 activity ER membranes were purified through successive subcellular fractionation and sucrose gradient fractionation. Dynamin 1 activity was assessed by transferrin uptake measured on cell-sorted cells, measurement of the GTP binding of dynamin 1 on GTP-coupled beads and of the membrane-associated dynamin 1 through crosslinking of dynamin 1 using a non-cleavable and membrane permeable cross-linker DSS. Further details are provided in Appendix Supplementary Materials and Methods.
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